In this work we show two different procedures of fabrication aiming towards the systematic positioning of single InAs quantum dots (QDs) coupled to a GaAs photonic crystal (PC) microcavity. The two approaches are based on the molecular beam epitaxial (MBE) growth of site-controlled QDs (SCQDs) on pre-patterned structures. The PC microcavity (PCM) is introduced previous or after the growth, on each case. We demonstrate the InAs SCQD nucleation on pre-patterned PCMs and a method to perform the QD nucleation respect to an etched ruler that is used to position the PC structure after growth. For both types of structures, we have carried out microphotoluminescence (μPL) spectroscopy experiments at 80 K and 4 K. Keywords: Quantum Dot, Photonic Crystal Microcavities, Molecular Beam Epitaxy, Cavity Quantum Electrodynamics.
INTRODUCTION
A single Quantum Dot (QD) coupled to a photonic cavity mode is the fundamental system for the study of Cavity Quantum Electrodynamics (cQED) phenomena in the solid state approximation [1] . These studies are essential for the development of devices such as single photon emitters and entangled photon pair sources, key elements for quantum information technologies. The successful fabrication of this kind of systems is very challenging due to the simultaneous requirements of spatial matching (the QD has to be placed at the maximum of the photonic cavity mode field) and spectral matching (both the wavelength of the QD emission and of the photonic cavity mode have to be very close) between the QD and the photonic cavity mode. Coupling of single self-assembled QD to a photonic crystal microcavity (PCM) mode has already been demonstrated [2, 3] and promising applications have been proven. Despite these important results, in most cases, the fabrication is based on random QD distributions and it is clear that the fabrication technology of single QD devices is far from being mature and systematic. In this sense, the use of high spatial resolution lithographic techniques for site controlled QD (SCQD) formation [4, 5] is crucial in order to improve the yield of deterministic integration of a coupled QD -cavity mode [6, 7, 8] .
In this work we present two strategies for the coupling of InAs QDs to the mode of GaAs-based PCMs. Both strategies are based on the combination of photonic crystal (PC) fabrication technologies and Molecular Beam Epitaxy (MBE) growth of SCQDs. Local Oxidation by Atomic Force Microscopy (LO-AFM) is the lithographic technique selected to fabricate the pattern for SCQD growth: InAs QDs are formed at specific sites of the GaAs surface defined by the presence of nanoholes formed after desorption of the GaAs oxide points obtained by LO-AFM. The process provides high accuracy in the positioning of the nanostructures and it has been proven that the obtained SCQD has good optical properties and are efficient quantum emitters operating as single photon sources [5] . Electron-beam lithography and Cl-based reactive ion etching (RIE) techniques are employed in the fabrication process for GaAs PCMs. We consider that the technological processes used will allow us to deterministically obtain coupled single QD-cavity systems and deal with new devices [9] .
DESIGN AND EXPERIMENTAL
The ability of fabricating SCQDs combined with a proper positioning of PCMs brings us the capability for getting single or several QDs coupled to a PCM mode in a deterministic way by two different techniques: either it is possible to locate the QD respect to a pre-patterned structure or the cavity respect to the position of a SCQD.
Fabrication process of Photonic Crystal Microcavities in GaAs
For both techniques we have developed a fabrication procedure to pattern PCMs on GaAs-based materials. A schematic of the process is shown in Fig. 1 . The starting material consists of a thin GaAs layer grown on an Al 0.75 Ga 0.25 As sacrificial layer. We use the spin-coating technique for the deposition of a 380 nm thick layer of ZEP 520A resist on the GaAs slab. We have selected ZEP 520A because of its adequate well known properties (high sensitivity, hardness) for the direct transfer of the pattern to the substrate in a single etching step.
The pattern is defined in the e-beam writing step. It is provided by a LEO 1455 Scanning Electron Microscope (SEM) with a Laser Interferometric Stage at 30 kV. For such conditions, it is very important to take into account the proximity effect [10] . In order to improve the size homogeneity and the accuracy in the e-beam writing, we have used the Proximity Correction Module NanoPECS integrated in the Raith ELPHY Plus lithography system [11] . After the developing step, which defines the pattern into the resist, (Fig. 1a ) the sample is post-baked in order to increase the hardness of the resist and the hole homogeneity [12] . Then, we carry out the ICP-RIE plasma etching. We have developed a Cl-based plasma etching in a Oxford ICP-RIE Plasmalab 80, that allows us to transfer the pattern to the active GaAs slab in a single step. This mixture has been used for etching GaAs material in Inductive Coupled Plasma -Reactive Ion Etching (ICP-RIE) [13] due to its good properties related with the high anisotropy, smooth sidewalls and low induced defects. We have designed a plasma that consists of a Cl 2 /BCl 3 /Ar mixture. The optimal conditions we have found for these structures in GaAs slabs are: 1.2 sccm Cl 2 , 2.1 sccm BCl 3 , 12.1 sccm Ar, 5 sccm He, at low pressure (2.6 mTorr) and low temperature (-11 ºC), 300 W ICP power and 20 W RF generator during 90 s, where the fluxes of the gases are standard cubic centimetre (sccm). The low DC Bias reached and the He-flow in the backside of the sample in order to favour the temperature transfer to the sample, enables a higher selectivity. After the removal of the remaining resist with UV illumination and remover (Fig. 1b) , a membrane formation is performed by immersing the sample in a 1:5 HF solution (Fig. 1c) . It is important to exceed the slab thickness during the plasma etching in order to favour the entrance of the HF solution through the hole array because it favours the removal of the sacrificial layer underneath the pattern. The last step involves a cleaning process that removes the dust deposited above, bellow and inside the holes. Following the procedure of reference [14] , we immerse the sample in a KOH solution. It provides structures that are cleaner, and subsequently, with better optical properties.
In order to estimate the quality of the structures, we have carried out optical measurements at room temperature and determined the quality factor (Q) of the cavities in a sample containing InAsSb QDs (Fig. 1d ) [15] . We excite the QDs within the defect with a CW laser diode (LD) at 785 nm focused with a microscope objective (NA = 0,5). We collect the PL through the same objective and focused into a optical fiber connected to a 0.85 m focal length double spectrometer with a cooled InGaAs photodiode array as detector. In these structures we have measured Qs ranging from 8.000 to 10.000.
Positioning a QD to a PCM mode
The first approach for the SCQD positioning (Fig. 1) consists of the fabrication of PCMs on a 105 nm thick GaAs slab. Afterwards, the pre-patterned photonic structures are completed to the target 140 nm slab thickness in a MBE re-growth process with an embedded InAs QD at the desired position [16] . We have fabricated L3-type and H1-type cavities with different lattice constants, a = 250, 255 and 260 nm, aiming to cavity modes ranging from 940 nm to 1000 nm. We follow the process described in the Section 2.1. After the ICP-RIE process and the removal of the remaining resist, it is crucial for this approximation to proceed with an additional step that provides a clean interface, free of organic contaminants, allowing us to perform a MBE re-growth. It consists of 2-cycles of UV oxidation, H 2 SO 4 etching of produced oxide layer and O 2 plasma with another step of H 2 SO 4 . The next step involves the membrane release as described in the previous section. AFM local oxidation is then performed to define the nucleation site of a single SCQD in each structure (Fig. 2b) .
Figure 2: a) In-plane FDTD (centre of the slab) electric field energy density for an L3 cavity. The position that corresponds to the maximum value (red color) is the target position for the nucleation of the SCQD. We show AFM images that correspond to different steps in the fabrication process: b) Oxide motif fabricated within the PCM by LO-AFM lithography and placed at the target position, c) InAs SCQD at the predefined position within the cavity. d) Complete photonic structure after re-growth. e) Embedded SCQD is placed 20 nm below the surface. FDTD calculations show that this position corresponds to a 64% of the maximum value for the electric field of the guided mode, being the center of the slab the optimum position. It is shown the AFM hole profile f) before and h) after the MBE re-growth. It is also shown g) the AFM profile of the InAs SCQD.
Then, the structure is completed in a re-growth MBE procedure. The MBE growth starts with an in situ atomic hydrogen treatment (T S = 490 ºC, t = 30 min) to remove the GaAs surface oxides. This atomic H treatment provides a flat surface and contributes to remove remaining contaminants on the surface [17, 18] . Prior to InAs deposition, a 15 nm thick GaAs buffer layer is grown by Atomic Layer MBE (ALMBE) [19] at T S = 450 ºC. On top of the GaAs buffer layer, 1.5 ML InAs is deposited at growth rate 0.01 ML/s and T = 490 ºC under As 4 beam equivalent pressure BEP P = 2·10 -6 Torr. The growth conditions are suitable for selective InAs nucleation in the predefined site (Fig. 2c) . Selective nucleation is achieved within the defect, even being surrounded by the PC holes, which may also act as InAs drains. Finally, the structure is completed with a 20 nm thick capping layer, grown by ALMBE at T = 450 ºC (Fig. 2d) . Low growth temperature is kept during the process in order to reduce the evolution of the pre-patterned PCMs, but a strong change in the shape of the PC holes cannot be avoided. Circular shape evolves into rhombus shape holes. This is likely due to the preferential incorporation of Ga atoms in B-type facets (As-terminated), which intersection with the (001) surface plane is the [110] direction [16, 20] .
Despite preliminary Finite Difference Time Domain (FDTD) calculations suggest that the photonic bandgap may be preserved in such structures, we believe that this behaviour can degrade the performance of the fabricated structures. Since this evolution is dependent on the crystallographic directions, a previous orientation of the pattern may reduce the impact on the photonic properties of the structures. We have carried out optical characterization of these devices by confocal microscopy at 77 K. Spectral features have been found in the range of 950 nm to 1200 nm (Fig. 3a) . Measurements outside the PC structures do not reveal any emission in this range (Fig. 3b) . The emission around 860 nm outside the PC structure can be assigned to an InGaAs wetting layer (WL). Further work is needed to clearly identify evidence of a PCM mode or any signature from the SCQD,
Positioning a PCM mode to a SCQD
The second proposed strategy is based on the use of an etched ruler and a set of alignment marks (Fig. 4) to accurately position a PCM to a SCQD. The starting material consists of 1 μm thick Al 0.8 Ga 0.2 As sacrificial layer and 65 nm thick GaAs layer. A set of rulers and their corresponding alignment marks are fabricated in the sample following the procedures described in Section 2.1. We have designed a global reference system that consists of a set of three alignment marks, a ruler and a mark that defines the origin. It is important to fabricate the whole system in the same writing field during the e-beam exposure. The alignment marks, together with the origin, will be used as a system for the calibration of the beam deflexion during the fabrication of the PCs (inset Fig. 4a ). The ruler is written during the e-beam step. Its arms are 20 μm large (Fig. 4a) , with ticks separated 500 nm (Fig. 4b) . The surface preparation process described in Section 2.2 is also performed to allow the epitaxial re-growth. Afterwards, LO-AFM lithography is performed in a specific position within the ruler area. We assign the spatial coordinates to the fabricated oxide respect to the ruler axes. These coordinates will correspond to the InAs SCQD once the re-growth step is completed, as the oxide position defines the InAs nucleation site. The preservation of this reference system during the fabrication process is crucial in this approximation. The MBE re-growth starts with the in situ atomic H-treatment (Section 2.2). The structure is then completed with the growth of 15 nm thick GaAs buffer layer, 1.5 ML InAs and 70 nm thick GaAs capping layer. The GaAs layers are grown by ALMBE at T S = 490 ºC and Ga growth rate r g (Ga) = 0.5 ML/s, while the InAs layer is deposited at r g (In)= 0.01 ML/s under BEP P As4 = 2·10 -6 Torr. The InAs coverage is bellow the critical thickness on flat surfaces but it allows the nucleation of InAs inside the nanoholes, thus providing the formation of InAs SCQDs with some given coordinates. The axes of the ruler together with the alignment marks are well preserved after the MBE re-growth. Therefore, they can be used as a reference system for the later fabrication of PCMs. The proper calibration and alignment of both SEM and AFM coordinate systems allow us to subsequent fabrication of PCMs in the desired positions, in which the maximum of the electric field mode profile (Fig. 2a) matches the position of the SCQD. Once we have determined the optical properties of the SCQD by μPL, the PCM mode can be designed to match the emission wavelength of the embedded QD. The final spatial accuracy of the positioning is estimated to be around 50 nm. We have carried out preliminary μPL measurements at 4 K on these systems after completing the re-grown GaAs slab. We have noticed a large amount of InAs QDs nucleated next to the ruler axes. The density decreases rapidly 2 μm beyond the edges (Fig. 4c) . Far from this region, in the area enclosed by the ruler, still a small density of QDs (around 0.1 QD / μm 2 ) was detected. Not clear SCQD signal has been detected from the position predefined by LO-AFM. This may be due to two effects: first, the nucleation of QDs in non patterned areas that makes difficult the identification of the SCQD; second, the absolute accuracy (±1.5 μm) when positioning our diffraction limited spot (~1 µm diameter) with respect to the etched ruler origin. An improvement in the selective nucleation process and our positioning method will be necessary in further research.
CONCLUSIONS
We have presented two fabrication strategies towards the achievement of coupled SCQD-PCM mode systems. Both are based on PC structure fabrication on GaAs and MBE growth of SCQDs and pre-patterned structures.
We have demonstrated selective InAs nucleation on pre-patterned PC structures, but the epitaxial re-growth process on the pre-patterned PCMs leads to a strong evolution of the hole shape that may degrade their performance. In a different fabrication strategy, the use of a set of reference system consisting of a pre-patterned ruler and alignment marks provides a method that may allow a systematic fabrication of systems to investigate the coupling of a single or several QDs to a PCM mode.
